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We discuss the meaning of the strong equivalence principle when applied to a 
quantum field theory. We show that, because of unitary inequivalence of accelerated 
frames, the only way for the strong equivalence principle to apply exactly is to 
add a boundary term representing the decoherence of degrees of freedom leaving 
the observable region of the bulk. We formulate the constraints necessary for the 
partition function to be covariant with respect to non-inertial transformations and 
argue that, when the non-unitary part is expressed as a functional integral over the 
horizon, holography arises naturally as a consequence of the equivalence principle. 
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I. INTRODUCTION: THE EQUIVALENCE PRINCIPLE AND QUANTUM 

FIELD THEORY 


The central assumption of general relativity is the strong equivalence principle (hencefor¬ 
ward referred to equivalence principle or EP)[l]: a freely falling frame is indistinguishable 
locally from an inertial frame with a Minkowski metric. Viceversa, stationary frames in 
gravitational fields are indistinguishable from accelerating frames, represented in Minkowski 
space by coordinate systems with curvature. The strong EP implies that all laws of physics 
respect this invariance. This implies that all laws of physics have to be written covari- 
antly with respect to non-inertial transformations, and that gravitational fields have to be 
described in terms of a curved spacetime, in which all metrics are warped. 

While the EP leads to an elegant picture of classical physical law^ extending it to the 
structure of quantum held theory, which reconciled quantum mechanicqj with special relativ¬ 
ity { 2 , 31 has proven very difficult, with both technical issues, such as non-renormalizeability 
of gravity as a held theory j^, and conceptual paradoxes, such as the black hole information 
problem jj], being highly controversial after decades of study. 

This should not surprise us: The mere fact that js Sl, a detector in curved space, whether 
due to acceleration (usually called the Unruh ehect) or a gravitational held (usually called 
Hawking radiation), sees a hnite temperature bath makes combining background indepen¬ 
dence with quantum mechanics fundamentally problematic, because even inhnitesimal non- 
inertial deformations put the vacuum in another superselection sector with a diherent en¬ 
tropy content. Note that this signals an ambiguity of the semiclassical limit of QFT as well 
as gravity: Haag’s theorem {q] ensures that even an inhnitesimal coordinate deformation 
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11| will send the vacuum of the theory into a unitarily inequivalent orthogonal state 


7|, Isj], one which is indistinguishable from a thermal mixed state which cannot be reached by 
quantum evolution. For normal QFT this ambiguity is irrelevant as this unitary inequiva¬ 
lence can be reabsorbed into held-strength renormalization, but for a theory of gravity such 
^ For the purposes of this introduction, “quantum mechanics” refers to the description of states |'b > in terms 
of vectors in Hilbert space evolving linearly under the action of unitary operators, \^p >—>■ expliTUb >, 
and observables as hermitian operators (^ A) defined on this space. “Quantum field theory” refers to the 
extension of this framework to fields, valued over each point in spacetime. As we argue toward the end of 
the introduction, this definition is reductive since hermiticity, linearity and unitarity are only applicable 
for closed quantum systems. However, a rigorous definition of quantum mechanics without this constraint 
is currently lacking (the reformulation in terms of sum-over-paths and partition functions comes closest 


to to such a, rifforous definitionb so weather the “modificatiou of nuautum mechanics” discussed this work 
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B 


a renormalization would inevitably modify observable asymptotic states q The universal 
nature of the “fragility” of quantum held theory to deformations is illustrated by the fact 
that interactions and the Unruh effect are deeply connected: dynamically the Unruh effect 
can be understood, in an inertial frame, in terms of QFT interactions (Bremstrahlung-like 
processes to leading order) between a charged detector and the held provoking its accelera¬ 


tion 
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T4|. In this picture the diherent entropy content of the system can be understood 
in terms of the use of the semiclassical approximation and decoherence [l5, 16| with respect 
to the zero entropy Minkowski vacuum. 

This means, however, that an “accelerated” transformation will send the system into a 
diherent vacuum, a non-unitary transformation, as made evident by the diherent entropy 
content of this vacuum. A dynamical change in gravitational helds,however, needs to be 
unitary if gravity is to be a quantum theory as usually dehned (see footnote 1). While a 
linearizedgravitationalhuctuation maintains EP (infact, is required by quantum consistency 
to do so PI), any vacuum backreaction should break it. Quantitatively, this should manifest 
itself as an anomalous diherence between the energy-momentum tensor dehned from the 
ehective action and the vertex function for the graviton -|- 5T^y (Fig. [H panels (a) 
and (b) respectively). This, in fact,has long been seen explicitly in loop corrections of spin-2 



(T-(6T) 





(b) 


FIG. 1. The two definitions of the energy momentum tensor, in terms of the effective Lagrangian 
including vacuum corrections (panel (a)) and the graviton vertex function (panel (b)). The strong 


equivalence principle requires these to be strictly equal, something generally not true for gravity 


n 


with quantum corrections (see for example m 


^ The reasoning here is similar to the proof that an infinitesimal deformation of the Hamiltonian produces 
orthogonal eigenstates 9|. However, while for hamiltonian deformations such infinities are known to be 


regularizeable ^ under certain conditions ( notably, the fact that the possible deformations respect the 
underlying spacetime and internal symmetries.) No similar regularizing procedure can exist for non- 
inertial coordinate deformations, as these deformations typically change asymptotic states and make the 
LSZ 2| reduction formula inapplicable. The fact that the deformation appears thermal was proved in the 
context of axiomatic field theory in 10, 111 
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theories 


17 


, and even at the level for hrst qnantization 


H- 


Note that lack of nnitarity 


has nothing to do with energy conservation ( in an accelerated frame the Hamiltonian has 
an explicit time dependence), bnt is dependent on the fact that qnantnm held theories are 
local and have inhnitely many degrees of freedom. In a fnndamental theory where degrees 
of freedom at the Planck scale are conntable, non-inertial transformations shonld also be 
nnitary, and it is not clear whether the Unrnh effect persists in snch models 19|, l20|]. If it 


does not, however, the existence within snch theories of a semiclassical limit of a qnantnm 


held theory living on a mani 


to QFT in Minkowski space [12 


blc 

is 

12 

14 


is donbtfnl becanse of the connection of the Unrnh ehect 


Let ns try to interpret what this incompatibility means in a more physical way. In clas¬ 
sical physics, while non-inertial frames are distingnishable from inertial ones, dynamically 
the diherence can be parametrized by hctitious forces (Coriolis, centrifngal and others, rep¬ 
resented by parallel transport formalisms: Christohel symbols and so on). The EP implies 
that 

• Any non-gravitational conseqnences of choosing a non-inertial frame can be parametrized 
by snch a formalism centered aronnd parallel transport 

• Choosing a non-inertial frame in and of itself cannot impact the gravitational dynam¬ 
ics, which is represented by the geometry of space and not the local metric choice. 

If this is to be a semiclassical limit of a qnantnm theory, either the role of the horizon implies 
a general breaking of nnitarity or the gravitational forces cannot be fnlly encoded this way: 
In Minkowski space, and only in Minkowski space, any correlations at snperhorizon distances 


will cancel ont when antiparticles and particles are taken into acconnt 


2j and so we can say 


that the bnlk and the horizon are fnlly 


deconpled. The violation of nnitarity implicit in 


the Unrnh effect can be interpreted 15|, [la] as the tracing over of degrees of freedom lying 


beyond a Rindler horizon. If this evolntion is to be nnitary, this tracing over can only be 
an approximation, and hence an observer conld in principle reconstrnct states appearing 


beyond the horizon exactly (' 
^ The latest such calculation is 


his reasoning applied to a black hole geometry is the essential 
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where, after a tour-de-force computation it was found that light 
deflection by gravity depends on spin at one loop. In the discussion of that paper it is claimed that in this 
regime such a measurement becomes a non-local because the Compton wavelength becomes comparable 
to the curvature. However, as these are point particles, this is another way of saying that in this limit 
local measurements are impossible, i.e., no physically relevant equivalence principle can be defined 
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issue behind the so-called black-hole information paradox jd]). By dehnition such a horizon 
is not a “true” horizon but an apparent one, which ceases being a horizon when the right 


observable is measured. Since horizons encode in 


21 


23j (including inhnitesimal perturbations 24J . 


brmation on the curvature of geometry 


25|), and the strong EP implies gravity 


to be geometric, the EP requires no observable can be constructed sensitive to degrees of 
freedom beyond the horizon (the horizon must indeed be a “true” one) and hence the tracing 
over needs to be exact, this suggests either the equivalence principle, or quantum mechanics 
or at least observer-specihc unitarity have to be abandoned. 

Aesthetic and consistency grounds make for skepticism of the second alternative, which 
nevertheless has some following (see e.g. 2^); Most of the practitioners of the held tend 
to prefer the hrst alternative, sometimes couching it in arguments such as those in jl^ . 
Indeed, high precision empirical tests of the strong equivalence principle are not to at the 
level sufficient to test this alternative, which would require precision measurements of the 
difference highlighted in Fig. [1] (Precise torsion experiments j^, 28| tend to test the weak 
version. To the author’s knowledge the only direct tests that self-energy respects the EP 


are Nordveldt effect measurements 29|, l30(]). Given the historical role of the exact EP in 


the development of general relativity as geometric theory, however, it is tempting to discuss 
“how much of quantum mechanics” one has to abandon for the EP to hold at all orders, in 
h and held coupling constants if not Ip. 


An EP-invariant quantum field theory of open systems 


To impose the strong equivalence principle means making sure the two local detectors, 
instantaneously in two different (not necessarily inertial) coordinate systems will obtain the 
same values for all observables once the non-inertial effects (the equivalent of the pseudo-frces 
in the classical description) are “properly” accounted for. The crucial issue is to understand 
the meaning of this “properly” within a quantum held theory: In the sum-over-paths picture, 
it means adding the imaginary boundary term to the action |3]|, so what appears as a unitary 
quantum evolution to one observer will appear as a partially or fully decohered “thermal” 
evolution to the other. 


This means that covariance with respect to non inertial transformations implies it should 
be possible to substitute a “thermal” ensemble for a quantum one by going to a diherent 
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coordinate system. This is not incompatible with standard quantum mechanics: Horizons 


make any quantum system open (the degrees of freedom outside the horizon 


lave to be 


traced over), and open quantum systems have been studied for decades j82l-l84| . Objects 


such as partition functions, correlators and density matrices, remain well-dehned. Since 
curvature of space is necessarily linked to the appearance of a causally connected horizon 


21 


28| . this is a promising approach for encoding the equivalence pri nciple at the level of 


an Effective Field Theory (EFT). As we will show, holography 


85 


37| follows naturally as 


a consequence. While we are not aware of such an EFT approach being proposed before. 


a similar argument was made in 38 


at the classical level. Furthermore, given the 
dehnition of local geometry in terms of the horizon j^, 22|, our approach is compatible with 


the thermal time hypothesis 40|/the Wootters-Page decoherence time picture 4ll-l44j □, and 


the mathematical formalism is similar to that described in section IIIC of 


45| and references 


therein. In addition, there is a deep mathematical analogy between the physics advocated 
here and the Gribov horizon picture in nonabelian gauge theores 0 . 


II. EP-DERIVED CONSTRAINTS FROM THE SUM-OVER-PATHS PICTURE 


We shall proceed in the Feynman sum-over-paths picture [2| and dehne our EFT at the 
level of the partition function. Given a d-dimensional bulk metric with local light- 
cone variables, a horizon, dehned as G , gl^dXf^dxi, = T can be viewed as a d-1 

dimensional surface 5S with coordinates cr® and local metric gg-^ 2^ (bulk coordinates are in 
Greek, surface coordinates in Latin). In particular, given 2^ ^ d-dimensional bulk metric g!^^ 
with local light-cone variables = x±t, the horizon, dehned as x^ G T^^x^^g^'^dx^dx^ = 
0, can be viewed as a d-1 dimensional surface cIE with coordinates ex® and local metric ggj^ 
related by 

'dx^ dx^ dx^ dx 


9dT. — 


cl(j* dai dai dai_ 


This connection, previously noticed in 


1 f dx^ dxy dXf^ dx„ 

7/.. = g,u + - 1 


( 1 ) 


4fil | is central to a crucial issue of compatibility of quantum me¬ 
chanics with general relativity, the question of time: In General Relativity, the time direction is to a 
certain extent a Gauge choice, which can be changed by a non-inertial transformation. In any proba¬ 
bilistic theory where the amount of information in possession of the observer changes (the Monty Hall 
problem, random walks etc) information defines an objective time direction. In Quantum Mechanics this 
is implemented via unitarity, hence the connection to 


thermodynamics, hinted at from particular solutions of Einstein’s equations 
backgrounds 


40ll44j. as long as the generalized second law of 


dTHSOj, holds for arbitrary 
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beyond Eq. [H there is no general procedure for constructing <Ji,gQY; given a and, for 
most geometries, g^Q^ has very little in common with the Minkowski metric on which realistic 
quantum held theories is dehned, since this is a degenerate metric admitting no comoving 


time direction 


52 


(By diagonalizing the non-zero components, one can reduce it to a 
ower-dimensional euclidean metric), and generally not admitting any global symmetries 
52l |. The sum-over-paths picture, however, allows us to dehne Quantum held theories on 


such manifolds in a relatively straight-forward manne r | 55| . As one can always dehne a 
horizon from a near-horizon geometry (see for instance |56| section 2), one can conceptually 
construct the “partition function of the universe as observed by a detector” moving in a 
d-dimensional space with a not necessarily Minkowski metric g'^. 

Let us assume the semiclassical limit, where the time it takes for a DoF to cross the horizon 
and decohere is “short” (~ Ip, the Planck length, in unites where h = c = 1) with respect 
to the evolution of the metric. One can then impose constrains that “all detectors” at the 
same point in spacetime in non-inertial reference frames will measure the same correlation 
functions. 

The action in a certain reference frame, will have a quantum bulk and decohered horizon 
component 

S {9'^{x),g"^^{a),4>Y.{x),4>aY.{a)) = fa(0s)^ + ^^>5'as(0as)^ + (0E,0aE) (2) 

In terms of the respective helds, 0^ and 


5'e — / (0s(a;^)) 


jn—l , 


SdT, — 7^ I F {(j)Qj^{a)) y/g^d"'" ^ai 


'dT, 


( 3 ) 


T is the horizon temperature, determined through the usual area law 2^ in terms of the 
entropy Sqy.. 


T = 


dEj 


dEsY. 


dSoY dSdY ^ ^ 

where the energy flow across the horizon is readable from Eq [3] in terms of the bulk and 
boundary stress-energy tensors ,Tq^ constructed from Ly,Eqy 




lY ^ ddaidaj 


Eoy = / Tf/^y/^da^da^ 


'dT. 


Sav. = ll I a/s's I I dci 


IdT. 


( 5 ) 


( 6 ) 
















thus, T serves as a Lagrange multiplier ensuring approximate local equilibrium between bulk 
and boundary. Note that in Minkowski space and around a black hole, respectively, the real 
and imaginary parts 5^ and S'as become negligible. 

I the semiclassical limit in Eq. [2] we have \Sint\ |5'as| , |*S'e| so we could neglect Sint 
and 5*2, decouple (analogously to two cells in a perfect fluid, they are in instantaneous 
equilibrium with respect to each other and thus the dynamics of each appears as independent 
of the other. Note that “instantaneous” refers to the detectors comoving frame )@. 

The necessity of the surface term Sq^, [Mi and the temperature p, Isl have long been 
known, but the discussion here gives them an interpretation rooted in the equivalence prin¬ 
ciple. The equivalence principle for the quantum theory implies the covariance of all cor¬ 
relation functions with respect to non-inertial transformations. In both unitary and hnite 
temperature (fully decohered) quantum mechanics such correlations can be represented as 
functional derivatives of a partition function Z, expressed as a functional integral over all 
possible held convigurations and a scalar under non-inertial transformations!^ 

{(p{Xi)...(j){Xn)) rvj - —— , where J is a source term 




S,9S 


In the semiclassical limit where Sint is negligible, Z will have to be dehned both in the bulk 
and the horizon, each with its source term, as 


Z = j exp j y/g^(fx {iL -F Jj^{x)(j)j^) - j (^(0as) + </as(o-)0as(a')) 

( 7 )' 

Under arbitrary coordinate transformations, x^ —)■ = {dx'^/dx’^){dx'^/dx’^)g^’^, with 

a corresponding shift in at (see Eq. [1]). For Z to be invariant under such transformations it 
is required that at each point x 

(S, ^E, Mx), Jdi:{a),T) = K^Z (S', ^S', ^x'), Jdj:{a'),r) (8) 


where JCq is at most a constant, possibly divergent rescaling which factors out of the corre¬ 
lation functions. 

Note that Equation [2] implies that in the classical limit only bulk-bulk and boundary¬ 
boundary correlators will be relevant, but beyond it bulk-boundary correlations, controlled 
by Sint, will be possible. 

® Note that in conventional holography, in the planar limit, this term is negligible, as the horizon is 


unaffected by Hawking radiation emanating from the bulk and vice-versa. While this limit corresponds 


naturally to classical gravity (see discussion around Eq. 
terms most likely are relevant 571. l58| 


[1®, for global entropy estimates, suppressed 
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III. HOLOGRAPHY FROM BACKGROUND INDEPENDENCE 


Equation |8] ensures the invariance of the partition function with respect to non-inertial 
transformations (Eq. [7] ensures the covariance)^. Together with a semi classical geometric 
largrangian {Lgravity f{R)), the equilibrium condition Eq. [Hand the boundary dehnition 
of Eq. [1] it can provide a dehnition of a theory obeying the equivalence principle at the 
quantum level: A transformation will shift “action” to and from the bulk theory living on 
S to a boundary theory living on dH, and change the temperature T. Just like classical 
covariance implies the presence of objects such as coordinate-depndent affine connections in 
all dynamical equations of motion, quantum covariance implies the presence of coordinate- 
depndent horizons in partition functions. Dualities such as and more generally the 


holographic principle 


36, 


37l |. arise naturally in the EFT given two coordinate systems 


Xi^2 in which Sint is negligible. The hrst system is bulk-dominated, the second boundary- 
dominated, as in this limit Equation [8] implies 


exp 


/Co / VcpQ^^exp 


y/g^d^X (Lsi (0Si) + 7si(x)0Si(a:)) 


(9) 


T 


'as2 


y/g^cT + JaE2(n')0as2) 


In Minkowski space inertial frames will have a completely decoupled horizon, since it is 
causally inaccessible due to the presence of antiparticles |2| ( any acceleration will however 
induce a rindler horizon which will act as a boundary). In curved spacetimes, where the 
Minkowski frame can be dehned only locally, however, two such frames are indeed possible: 
Consider the stationary frame and the freely-falling Kruskal frame in a black hole 2^. In 
the hrst, the dominant component of the entropy is the horizon, in the second case it is the 
bulk. 

A consequence of Eq. [9] would be a “dictionary”, linking bulk operators, dehned as 
functional derivatives of ^ > with surface operators dehned as functional derivatives 


of 


S" lnZ(L(</.as,)) 






. For both of these theories to be “physical” quantum held theories, both 


S and dT, have to be time-like. In physical space this should not occur because of the 


horizon’s absence of global symmetries 


52| . However, this is not a fundamental obstacle to 


® We note that holographic setups studied in the literature are covariant but not invariant under diffeomor- 
phism transformations, since the horizon relevant for the correspondence is defined in a preferred inertial 


frame 
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the mathematical dehnition of the dual theory since the sum-over-paths picture allows us 


to dehne a theory without a time-coordinate 


55l |. and eyen apply it to a holographic setting 


59l |. The correlators at the bulk and the boundary will just be related by a complicated, and 
metric-dependent, coordinate transformation involving both space and time; In particular, 
for spacetimes with a null, or positive cosmological constant, the degeneracy of the metric 
will mean that the dual theory can be seen as a euclidean, generally highly asymmetric theory 
in D — 2 dimensions. In a space, such as AdS space, where the boundary is specihcally time- 
like, however, equation |9] yields two time-like theories, dehned in D -|- 1 and D-dimensional 
space. This is exactly what one would expect from the way holography is usually dehned 
35[, and makes it possible for and to be separately unitary (Equivalently, 

the free limits of bulk and boundary theories are isomorphic 3^). In this scenario, the 
conformal symmetry of the horizon constrains the theory there to a CFT, while, if unitarity is 
imposed, the background independence of the bulk is reduced, for those frames where unitary 
holography is valid, to the invariance w.r.t. diffeomorphisms that leave the asymptotic 
behavior invariant. 

If, in addition, one of the two theories is weakly coupled, the holography in question 
becomes computationally useful. If the conjectures described here apply, however, such 
setups are a leading order approximation of highly symmetric setups, within a more general 
description including both the bulk and the boundary, rather than the popular conjecture 
that “the universe is a hologram” describable in its entirety by a lower dimensional theory 


36, 3- 


It should be noted that, due to the Weinberg-Witten theorem, a self-consistent spin-2 the¬ 
ory will exhibit the equivalence principle at tree level jsj^. Since the bulk in Gauge/Gravity 
setups always includes spin-2 helds, and is thought to be a limit of a truly quantum 
background-independent theory (“M-theory”), it is not surprising holography should arise 
and, with the additional constraints, lead to an equation of the type of Eq. |9l Also, if Eq. [7] 
applies, renormalization of the bulk and the boundary is conducted on an equal basis, since 
there is one partition function. 

It remains to be seen to what extent this is compatible with the holographic renormal¬ 
ization program 60|, 1^. However, Equation Eq. |2]and footnote 5 make it natural that the 


limit of classical gravity corresponds to the planar limit on the horizon. Glassical gravity. 


^ This can be seen by the curvature kinetic energy and the coupling of the graviton to 


fiiy 
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corresponds to the limit where fluctuations on the horizon vanish (the bulk and the horizon 
metrics correspond to the classical expectation value with overwhelming proability). In ad¬ 
dition to Sint —t 0, this requires that held fluctuations of the horizon theoery are negligible 
when the total Sq-z is calculated (indeed, dimensional analysis of Eq. |2] makes it natural 
that Sint is related to quantum corrections to S'as, {Sint) ~ ((AS'as)^) )• The planar limit, 
where there are O {N"^) 3> 1 fields 0, with [0j, tpj] ~ <5^, and 


^classical ^ ^ Q ( 1 ) 


((AS'as)^) 


quantum 




classical 

as 


( 10 ) 


Eq. [To] makes these requirements satisfied in a natural way, since Tq^ in Eq. [5| will be 
unaffected by any fluctuations of <pi. 

We should note that, while at the moment we cannot tell whether the constraints de¬ 
scribed here can be fully satisfied by any theory, some obvious counter-examples apply: Free 
held theories (fields that only interact gravitationally) are trivially excluded, since such a 
theory does not have a Bremstrahlung process to balance interactions with the Unruh hori¬ 
zon. More subtly, consider the infalling observer calculation described in section VII of 62|. 
The authors argue that an infalling observer’s detection of Hawking radiation is suppressed 
by the finite size of the locally available detector with respect to the characteristic frequency 
of Hawking’s radiation. Provided the equivalence principle holds semiclassically, this con¬ 
clusion is inevitable, since otherwise the infalling observer would have a local measurement 
at their disposal which would tell them they are in fact infalling rather than in an inertial 
frame. However, a tacit assumption made in this argument; That the particle absorption 
cross-section of such a detector vanishes in the infrared limit. This assumption is not ob¬ 
viously related to the equivalence principle, and does not hold for general held theories: 
Obvious counter examples are conformally invariant theories (such as A/" = 4 SYM 35(]) or 
alternatively massless 0^^ theory. In a world where such theories were coupled to gravity, 
tree level quantum effects would violate the equivalence principle and the constraints of Eq. 
[9] would not hold@ However, this assumption does hold true for all theories which seem to be 
physically relevant, from QED (where it is enforced by Wards identities [^) to Yang-Mills 
® The Corresponding Unruh effect manifestation of this reasoning is the radiation of zero energy photons 
in the comoving frame by a system which in an inertial frame is undergoing Bremstrahlung 12], Il3l| : 
These photons generally would generally break the identification of Bremstrahlung with the comoving 


Unruh frame, but are undetectable by any locally comoving detector provided the interaction cross-section 
vanishes in the infrared limit 









12 


and the Higgs sector (where it is enforced by the existence of a mass gap in the infrared 
regime). Thns, we can be hopefnl that the existence of a meaningfnl qnantnm eqnivalence 
principle has a role in selecting physically relevant theories. The generalized second law 
of thermodynamics (see footnote (3) and references therein) and energy conditions conld 
provide fnrther constraints. 


IV. DISCUSSION AND CONCLUSIONS 


In this work, we have not ontlined a theory of qnantnm gravity. The geometry that 
dehnes gs and ggj] is classical, with qnantnm theories living on it. In the semi classical limit 
the bnlk metric’s Einstein Tensor G^i, is related to the bnlk stress-energy tensor via 
Einstein’s eqnation 

~ (^D (11) 


which has long been nnderstood as eqnivalent to an eqnation for horizon thermodynamics’s 


22| . This evolntion is also the semiclassical leading term of a Lindblad-type eqnation 63| . 


with the snper-horizon degrees of freedom traced over instantaneonsly, consistently with the 
fact that to leading order in Ip, the horizon is determined “instantaneonsly” (in the detectors 
comoving frame) from the Rayachadnri eqnation 21 1 and of the bnlk helds. 

Rather, we have written down a recipe for constrncting an EFT respecting covariance 
with respect to non-inertial transformations, and hence have paved the way to incorporating 
the eqnivalence principle in an effective theory expansion. Eqnation [7] is classical in gravity 
and leading order in Ip, bnt it is in arbitrary order in h and EFT conpling constants. In a 
regime where a semiclassical EFT is a good approximation, Eq. [8] dehnes the constraints 
necessary for a leading term in a series where the EP is satished term-by-term. That said, 
Eq. [HJand Eq [7] allow ns to conjectnre higher terms in the backgronnd independent EFT 


- inZ ( 12 ) 

However, the neglected Sint terms in EqJTl of the same order as those in Eq. [T71 are as yet nn- 
determined. Physically they address the quantum process of crossing the horizon, something 
that happens instantaneonsly np to 0{lp). Snch terms, naively related to the hnctnation 
terms in Eq. [TOl might however be crncial to nnderstand the qnantnm information aspects 


57l | of qnantnm gravity. 
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We close with a few considerations on possible phenomenological consequences of these 


ideas. Gedankenexperiments such as 


64| . used to illustrate the contradiction between the 


quantum partition function in Eqs. 17118] and the classical treatment of the geometry in Eq. 
im as well as being experimentally unfeasible, are formulated in a regime where such EFTs 
fail and a transplanckian theory is necessary. Hence, fundamentally as well as practically, 
any hope for testing these ideas should focus on weak helds and accelerations with respect 
to the relevant power of Ip. 

For instance. Gravitational waves in this approach look very different from the usual ap¬ 
proaches, centered around “graviton” quantization. Seen by a detector, a wave in Minkowski 
space will appear as a horizon that briefly becomes time-like and then goes back to being 
light-like. During the “time-like period” the gravitational wave will decay in the rest-frame 
of the detector. It is reasonable to assume the gravitational wave dissipates into very soft 
(with respect to the wave frequency w) photon s^, a nalogously to black hole evaporation 


and the dissipation of sound in a viscous medium|23f|, on a time-scale of ~ IpW. This effect 


cannot be captured by perturbation expansions, since the perturbative decay amplitude of a 
graviton to any number of photons is zero , but can be readily understood as the kind of 
semiclassical non-perturbative effect background independence requires for arbitrary weak 
perturbations. This implies that gravitational waves, of arbitrarily small amplitudes, must 
be thought of as collective “semiclassical” excitations. More quantitative calculations in this 
direction can be done by the linearized horizon formalism described in 241. 

More generally, the strong equivalence principle can be directly experimentally probed to 
a level necessary to test if it applies beyond linearized GR. In addition to the lunar ranging 
experiments mentioned earlier 29|, [SOj QED setups in an accelerated frame could lead to 
regimes where horizon effects appear. For example, the ~ h/m interference detected in 65 | 


should appear exactly in an accelerating frame, and disappear, up to tidal forces, in a freely 
falling frame (in orbit, for example). While this is obvious in the first quantization limit, since 
wavenumber shift~ momentum change ~ force x time, in the held theory limit, where back- 
reaction with the Unruh effect is non-negligible, the applicability of the equivalence principle 
could yield quantihable predictions. Formalisms such as 0 for QFTs and for quantum 
® Indeed the scenario discussed here could conceivably be ruled out if the observation of cosmological B- 
modes, claimed by the BICEPS collaboration [66| and put into doubt by Planck [67|, was confirmed. 


The origin of primordial gravitational waves in the inflationary paradigm is, at leading order, due to 




0 [68 


69j. Other mechanisms, where primordial waves are generated by reaction with 


matter, however, also exist, through suppressed by powers of Ip 
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mechanics can be used to calculate observables under the assumption that full unitarity is 
maintained in the presence of gravitational helds. The general reasoning contained in this 
paper will lead to an expectation that decoherence will happen at a rate comparable to 
the ratio of the characteristic size of the system (the minimum of the wave-number of the 
system’s constituents and the system’s charge radius) to the distance from the horizon in the 
systems comoving frame. This is natural scale, dehning relativistic ’’locality” in a quantum 


71| . perhaps quantitative tests of 


setting. Given the recent work with ultra-powerful lasers 
this type will become possible in the coming decades). 

Finally, it should be noted that a cosmological formulation of the conjecture presentee 
here could provide a foundation to the approach in j^|, given the analogy of the action in 72 


with Eq. [71 Furthermore, a cosmological formulation with conserved charges in addition 
to and hence a bulk-boundary chemical potential augmenting temperature in Eq. [7] 
will naturally lead to a net conserved charge asymmetry in the bulk, in a manner similar 
to It remains to be seen to what extent these can furnish solutions to, respectively, 
the cosmological constant and the baryogenesis problems, but it is a possible approach to 
develop a phenomenological extension to the ideas espoused in this work. 
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